This study was conducted to examine reflex mechanisms that mediate urinary bladder and external urethral sphincter (EUS) coordination in urethane-anesthetized female Sprague-Dawley rats. We examined the properties of EUS reflexes elicited by electrical stimulation of pelvic nerve afferent axons (pelvic-EUS reflex). The changes 
INTRODUCTION
The lower urinary tract (LUT) has two main functions: storage and periodic elimination of urine. These functions are regulated by a complex neural control system located in the brain and spinal cord which coordinates the activity of the two components of the lower urinary tract: the reservoir (urinary bladder) and the outlet (bladder neck, urethra and urethral sphincter). Normally, these two components exhibit reciprocal activity (26) . During urine storage the reservoir is quiescent and activity in the outlet gradually increases during bladder filling to maintain continence.
During voiding the activity is reversed.
The LUT is regulated by three sets of peripheral nerves: sacral parasympathetic (pelvic nerves) and thoracolumber sympathetic nerves (hypogastric nerves) that innervate bladder and urethral smooth muscles, and sacral somatic nerves (pudendal nerves) that innervate striated muscles of the external urethral sphincter (EUS) (9, 26, 28) . Afferent axons from the bladder that initiate EUS activity during urine storage and voiding travel in the pelvic nerves. Afferent axons from the urethra passing through the pelvic and pudendal nerves can modulate reflexes evoked by bladder afferent nerves (10) .
Previous studies in the cat and rat have demonstrated EUS reflex activity or firing of motor axons in the pudendal nerve in response to bladder distension (6, 13, 5 15, 27, 31) or electrical stimulation of afferent axons in the pelvic nerve (20, 21, 24, 25) . Bladder distension at volumes below the threshold for evoking micturition elicits tonic activity of the EUS; whereas bladder distension at volumes sufficient to initiate micturition elicits an inhibition of EUS activity in the cat (3, 13) , but prolonged bursting activity of the EUS at frequencies between 6-8 Hz in the rats (4, 18, 22) . It has been proposed that bursting reflects rhythmic contractions and relaxations of the EUS that produced an intermittent flow of urine. A detailed analysis of the EUS bursting pattern has revealed that it consists of silent periods averaging 104 ms in duration and active periods averaging 67 ms in duration (4) . EUS bursting as well as tonic EUS activity occurs in rats with an intact spinal cord as well as in rats with chronic T8 spinal cord transection and therefore must be mediated by spinal reflex pathways (4) . However it is not known if the tonic activity and bursting patterns of EUS activity occur via different reflex mechanisms or simply reflect activity generated in the same reflex pathway by different levels of afferent input from the bladder. In the present experiments we have studied this question by recording reflex activity elicited in EUS by single shock electrical stimulation of afferent axons in the pelvic nerve. The influence of bladder distension on the reflexes was also analyzed.
Previous studies (37-41) revealed that bladder and EUS reflexes are sensitive to NMDA (N-methyl-D-aspartate) and AMPA (alpha-amino-5-methyl 6 isoxazole-4-propionate) glutamatergic receptor antagonists as well as to serotonin (5-HT) receptor agonists and antagonists (16, 30, (32) (33) (34) indicating that glutamate and 5-HT are transmitters in the reflex pathways controlling the LUT. The present experiments extended these observations by evaluating the effect of glutamatergic and serotonergic drugs on EUS reflex activity elicited by electrical stimulation of pelvic nerve afferent axons.
Preliminary results have been presented in an abstract (1) .
MATERIALS AND METHODS

Animal preparation
Female Sprague-Dawley rats (n=40, 250-330 g) were anesthetized by subcutaneous injection of urethane (1.2 mg/kg). Supplemental doses (0.4 mg/kg, s.c.)
of urethane were given as needed throughout the experiments. The experimental protocols were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
A polyethylene tube (PE-50) filled with physiological saline was inserted into the jugular vein for intravenous administration of drugs. After exposing the urinary bladder via a midline abdominal incision, a PE-50 polyethylene tube filled with saline was inserted through an incision in the apex of the bladder and secured with cotton thread. Intravesical injection of saline (0.2-1.0 ml) was used to distend the bladder and 7 pass fluid through the urethra. Leakage of fluid from the bladder around the catheter and into the urethra could trigger additional reflexes. Thus, in some animals another bladder catheter with a small balloon attached to the tip was inserted. Injection of air (0.2-0.5 ml) into the balloon was used to distend the bladder to avoid triggering additional urethral-bladder or urethral-EUS reflexes. The pubic symphysis was removed to expose the urethra and EUS. To record the EUS electromyogram (EMG), two fine, insulated silver wire electrodes (0.05 mm diameter) with exposed tips were inserted into the muscle on both sides of the mid-urethra, 5-8 mm from the bladder neck. The left pelvic nerve was isolated. By retracting skin flaps a pool was formed around the pelvic nerve, bladder and urethra, and filled with mineral oil (37°C) to prevent drying. For electrical stimulation and recording of reflexes, bipolar silver-wire electrodes were positioned on the pelvic nerve at a location 3-5 mm central to major pelvic ganglion. In three animals to evaluate the contributions of supraspinal pathways to the reflexes and drug effects, the spinal cord was transected at T8-9 one hour after control recordings of the evoked pelvic-EUS reflex. The experimental setup for modulating bladder pressure as well as for measuring the EUS-EMG is depicted in Figure 1 .
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Electrophysiological and pharmacological experiments
The pelvic nerve afferent-evoked reflex (pelvic-EUS reflex) was studied before and after bladder distension. Bladder pressure was manipulated by injecting either saline (0.2-1.0 ml) or air (0.2-0.5 ml) into the bladder. The pelvic-EUS reflex was elicited by single shocks (Grass S88 stimulator) to the pelvic nerve and recorded from the EUS on the both sides. The electrical stimulation consisted of biphasic charge balanced pulses at frequencies between 0.5 Hz and 3 Hz with a pulse width of 0.05 ms.
Submaximal stimulus intensities which ranged between 4 V to 8 V in different experiments were set in each experiment at six to ten times threshold for eliciting a detectable reflex. The evoked pelvic-EUS reflex activity was amplified 20,000-fold with a preamplifier (P511AC, Grass Instruments) and filtered (high-frequency cutoff at 3,000 Hz, low-frequency cutoff at 3 Hz in combination with a 60 Hz notch filter).
The reflex signal was also sampled at 2,500 Hz and then averaged (5-10 reflexes) on a personal computer (PC (16, 19, 34) .
Data analysis
Spontaneous EUS-EMG activity and the late response of pelvic-EUS reflex were rectified and measured by integrating the area under the curve in µV-ms. 
RESULTS
Pelvic-EUS reflex
In rats with an intact spinal cord when the bladder was empty, the EUS activity evoked by electrical stimulation of the pelvic nerve consisted of a large amplitude, short latency (21.6 ዊ 0.2 ms), short duration (16.1 ዊ 1.9 ms) early reflex (ER) that was detected in every experiment (n=40) and a small amplitude, long latency (100-120 ms), long duration (greater than 100 ms) late reflex (LR) that was detected 
Role of glutamatergic mechanisms in reflex pathways
The effects of i.v. administration of glutamatergic receptor antagonists on the pelvic-EUS reflexes were examined when the bladder was distended or empty.
MK801, an NMDA receptor antagonist, in a dose (0.3mg/kg, i.v.) shown previously (37) to suppress the micturition reflex pathway, markedly suppressed the reflex area 14 (76%, n=11) and amplitude (47%, n=11) of the ER, and partially suppressed the LR by 35% (Figures 5B and 6A ). The IR persisted after MK801 in the few experiments where it was detected. The effects of MK801 were evident within 10 min and persisted for at least one hour. LY215490, an AMPA receptor antagonist administered 30 min after MK801 in a dose that blocks the micturition reflex (3 mg/kg, i.v.) (40) produced only a minor additional effect on the ER and LR (14% and 18% suppression, 
Effects of 8-OH-DPAT on spontaneous and evoked EUS-EMG activity
When the bladder was empty 8-OH-DPAT, a 5-HT 1A receptor agonist, administered in a dose (1 mg/kg, iv) that is known to enhance reflex bladder activity (11, 19) , produced an initial period of EUS-EMG bursting activity that occurred 1-2 min after drug injection and persisted for 3-4 min. This was followed by enhanced tonic activity that persisted for at least 40 min. The tonic EUS activity was 15 significantly enhanced 20-50% (average area under curve increased from 0.31 ± 0.07 µV-sec before drug to 0.41 ± 0.01 µV-sec after drug, n=11). The area of ER was significantly increased by 16.2 ± 1.7%, n=11. In 30% of animals in which a small LR was present when the bladder was empty, 8-OH-DPAT produced only a small increase period of inhibition of spontaneous activity following the ER that occurred at a latency of 75-100 ms and a duration of 100 ms. 16 After spinal cord transection (n=3) when the bladder was empty ( Figure 8A ),
8-OH-DPAT elicited a small increase in the ER (14 %) and tonic EUS-EMG activity (7 %) and unmasked an IR in two experiments ( Figure 8A2 ). When the bladder was distended ( Figure 8B ), 8-OH-DPAT also elicited a small increase in the ER (11 %) and tonic EUS-EMG activity (18 %) and unmasked a small LR ( Figure 8B2 ). WAY100635 also reversed the effects of 8-OH-DPAT in spinal transected rats.
Effects of WAY100635 on spontaneous and evoked EUS-EMG activity
WAY100635 administered alone in a small dose (0.1-0.5 mg/kg, i.v.) in rats in which the spinal cord was intact and the bladder was distended for a period of 5 min by inflating a balloon catheter suppressed the amplitude and reflex area of the ER by 12.9 ± 0.5 % and LR by 43.29 ± 2.6 % (n=8). The latency (20.8 ± 0.2 ms, n=8) of the ER was not significantly changed; however the ER duration was shorter (13.7 ± 1.5 ms versus 16.1 ± 1.9 ms, n=8) after WAY100635. A larger dose of WAY100635 (1.0 mg/kg, i.v.) suppressed the ER by 63% and the LR by 33% (n=8, Figure 6B ).
The effects of WAY100635 (0.1-1.0 mg/kg, i.v.) alone on EUS EMG activity induced by a transient bladder distension with a balloon catheter or infusion of saline into the bladder were also examined in rats with an intact spinal cord. As illustrated in Figure 9 , a brief balloon distension (50 sec) with 0.5 ml of air induced a bimodal EUS discharge consisting of a transient period of bursting lasting a few seconds followed by a 5-8 sec period of tonic activity and then a prolonged period of bursting activity that was maintained until the bladder was emptied. After the bladder was emptied, tonic activity continued for 75-90 sec ( Figure 9A ). Subsequent infusion of saline (1 ml) into the bladder induced a transient period of bursting followed by tonic activity. 18 and tonic (61%) EUS-EMG activity induced by saline or balloon distension ( Figure   9A ).
DISCUSSION
The present study examined several properties of the pelvic-EUS reflex The pelvic-EUS reflex was completely eliminated when the pelvic nerve was crushed centrally to the site of stimulation, but the spontaneous EUS activity remained 36 because the contralateral pelvic nerve was still intact. Dot: electrical stimulation (6 V, 0.5 Hz, pulse width 0.05 ms). . The ER and LR were decreased by 18% and 14%, respectively (n=7, compared to control recordings without drugs, P > 0.05) after LY215490 (3.0 mg/kg, i.v.). When MK801 was administered first followed 30 minutes later by LY215490, the ER and LR were reduced by 87% and 53%, respectively (n=11). B: 8-OH-DPAT
